T he intravenous administration of tissue plasminogen activator (tPA) can dissolve thrombi and improve the long-term outcome of patients with acute ischemic stroke. 1, 2 In the National Institute of Neurological Disorders and Stroke (NINDS) rt-PA Stroke Study, 47% of patients treated with tPA improved by Ն4 points on the National Institutes of Health Stroke Scale (NIHSS) at 24 hours. 2 In the placebo group, 39% of patients showed a similar improvement (Pϭ0.06, NS). 2 A post-hoc analysis showed that by 24 hours, 27% of tPA-treated patients improved by Ն10 points or resolved their neurological deficit completely compared with 12% in the placebo group (Pϭ0.002). 3 The mechanism of early improvement is attributable to early brain tissue reperfusion and arterial recanalization. 2,4 -7 Transcranial Doppler (TCD) can be used to determine arterial occlusion and to continuously monitor recanalization during thrombolysis. 6, 7 We previously established the accuracy parameters of TCD diagnosis of intracranial arterial occlusion and recanalization compared with the use of angiographic studies. 8 -10 TCD had a sensitivity of 91% and a specificity of 93% to determine complete recanalization of the middle cerebral artery (MCA) in tPA-treated patients. 9 TCD had a specificity of Ն90% for other arterial segments, indicating that a normal TCD examination is highly predictive of arterial patency at angiography. 8 Furthermore, continuous clot exposure to ultrasound frequencies in the kilohertz to low megahertz range enhances tPA activity in vitro, and clot degradation with 1-MHz ultrasound irradiation was 1.8 times greater than that with tPA alone. [11] [12] [13] [14] [15] In the present study, we prospectively applied TCD to identify the occlusion site before the tPA bolus and to continuously monitor the residual flow signals during tPA infusion. The goal was to establish the rate of complete arterial recanalization during tPA infusion and its possible correlation with an early dramatic clinical improvement. 7
Subjects and Methods
Consecutive patients who were treated with intravenous tPA and received continuous TCD monitoring between July 1998 and September 1999 were included in the study. tPA was administered in a standard 0.9 mg/kg dose (10% bolus, 90% continuous infusion over 1 hour) to patients presenting within the first 3 hours after symptom onset. In selected patients presenting between 3 to 6 hours of onset or with other risk for hemorrhagic complications, tPA was administered in a dose of 0.6 mg/kg (15% bolus, 85% continuous infusion over 30 minutes). This experimental protocol was approved by the University of Texas Committee for Protection of Human Subjects.
A standard TCD examination was performed in the emergency department before tPA bolus with a single-channel portable unit (Multigon 500M or DWL MultiDop-T). No delay in tPA administration was experienced as a result of the ultrasound examination. TCD was used to identify the site of intracranial occlusion according to previously published diagnostic criteria. 8 Once the occlusion was diagnosed with handheld examination, the presumed clot location and residual flow around it were determined through the presence of abnormal flow signals (minimal, blunted, or dampened waveforms). 8 To select the depth for single gate monitoring, the following algorithm was used.
Distal M1-M2 MCA Occlusion
The residual flow signals had to be found at 40 to 45 mm and the monitoring depth was set accordingly (Figure, A) .
Proximal M1 MCA Occlusion
Monitoring was performed at 55 to 60 mm.
Asonic MCA Occlusion 1
If no signal could be obtained from the entire stem of an occluded artery, the flow void depth closest to the normal signal was selected. For example, monitoring depth was set at 60 to 65 mm if no MCA signals were found in the presence of a normal anterior cerebral artery.
Asonic MCA Occlusion 2
If no flow signals were detected from the distal part and the abnormal signals were obtained at the proximal part of the MCA, the monitoring depth was set at the depth that displayed the abnormal signal closest to the signal void depths.
Internal Carotid Artery Occlusion
If the internal carotid artery (ICA) was occluded without tandem proximal MCA occlusion, the distal MCA flow signal was monitored at 40 to 45 mm.
T-Type ICA Occlusion
If the terminal ICA was occluded with no or minimal signals from M1 and A1 segments, the MCA origin was monitored at 65 mm.
Basilar Artery Occlusion
A similar algorithm was applied to select depths of 80 mm (proximal basilar artery) or 100 mm (distal basilar artery).
Normal Pretreatment TCD
If a lacunar stroke was clinically suspected, a mid MCA depth of 56 mm was used for monitoring. If a small cortical stroke was suspected, a distal MCA depth of 35 to 40 mm was used for monitoring.
The sample volume (gate) was set at 11.8 mm (Multigon) or 15 mm (DWL). The power was set at a 100% level (Multigon) or 128 mW (DWL) for the duration of monitoring. For patients with MCA occlusion, the transducer was tightly fixed in position with a headframe (Marc series; Spencer Technologies) to maximize sound energy transmission and to maintain a constant angle of insonation (Figure, B ). For patients with basilar artery occlusion, handheld monitoring was performed through the transforaminal window.
TCD monitoring was performed during the entire tPA infusion under direct visual control of the investigators. If any flow signal changes occurred, these data were interpreted on-line and the timing of change was documented. The flow signals at the proximal and distal arterial segments were documented at the end of tPA infusion, and TCD monitoring was discontinued at this point.
Recanalization was graded as complete, partial, or none according to previously validated criteria. 9 Complete recanalization was diagnosed when a normal waveform or a low-resistance stenotic signal appeared at the selected depth of insonation. If a proximal arterial segment was monitored, the continuation of normal or low-resistance stenotic flow toward the distal arterial segment was confirmed. If the abnormal signals were still seen at the distal portion, partial recanalization was diagnosed. No change in the abnormal flow signals indicated that no recanalization has occurred. Reocclusion was diagnosed when the abnormal flow signals worsened in comparison with the baseline study or after a transient flow signal improvement during tPA infusion.
The NIHSS scores were obtained before and after tPA infusion by a neurologist who was not involved in TCD. Outcome measurements included the NIHSS scores at the end of tPA infusion and at 24 hours and modified Rankin scale scores at follow-up. 2 We used 4 measures of clinical recovery based on methods used in previous studies. 2, 3, 7 "Dramatic recovery" was defined as a decrease in the total NIHSS score to Ͻ3 at the end of tPA infusion. 7 "Early neurological improvement" was defined as a reduction in Ն10 points in the total NIHSS score or complete recovery. 3 "Improvement" was defined as a reduction in the total NIHSS score by Ն4 points. 2 "Worsening" was defined as an increase in the total NIHSS score by Ն4 points. 2 At follow-up, a neurologist obtained modified Rankin scores during an outpatient visit or during a structured telephone interview. Statistical analysis included the 2 test and coefficient of contingency (C) to establish an association between recanalization and clinical recovery.
Results
Forty patients were studied (mean age 70Ϯ16 years, range 32 to 93 years). Baseline stroke severity was 18.6Ϯ6.2 NIHSS points (median 19 points, range 6 to 33 points). tPA bolus was administered at 132Ϯ54 minutes from symptom onset, including 6 patients who were treated with a 0.6-mg/kg dose administered 120 to 360 minutes from time the patient was last known to be normal. At the prebolus TCD examination, the MCA was occluded in 30 patients (75%), the ICA was occluded in 11 patients (28%), and the basilar artery was occluded in 3 patients (8%). Multiple occlusions involving ICA and MCA were found in 7 (18%). Four patients had no windows of insonation (10%). Only 1 patient (2.5%) had a normal TCD examination before the tPA bolus.
TCD monitoring was started 125Ϯ52 minutes after symptom onset and continued for the duration of tPA infusion in all patients. Evidence for complete or partial recanalization on TCD was found in 28 of 40 patients (70%) at 45Ϯ20 minutes after the tPA bolus. Complete recanalization occurred in 12 patients (30%), and partial recanalization was found in 16 patients (40%) ( Table 1) .
Dramatic recovery during tPA infusion (total NIHSS score Ͻ3 by the end of tPA infusion) was observed in 8 patients (20%), all of whom had complete recanalization on TCD. Clinical recovery was associated with recanalization ( 2 ϭ26.3, Cϭ0.811, PϽ0.01; Table 1) ). The baseline NIHSS score of patients who experienced dramatic recovery was 13.3Ϯ5.6 points (median 13 points, range 6 to 22 points, age range 32 to 93 years). Complete recanalization was common in patients with cardioembolic occlusion (8 of 17, or 47%); however, this association was not significant (Table 2) . If partial or complete recanalization was achieved by the end of tPA infusion, 43% of these patients (12 of 28) improved by Ն10 NIHSS points or recovered completely at 24 hours.
Overall, early improvement by Ն10 points or complete recovery was seen in 12 of 40 patients (30%) at the end of tPA infusion and in 16 patients (40%) by 24 hours. An improvement by Ն4 points was observed in 18 of 40 patients (45%) at the end of tPA infusion and in 25 patients (62.5%) by 24 hours.
No improvement was noted in 16 patients (40%) during tPA infusion and in 7 patients (17.5%) by 24 hours. Worsening of the neurological deficit occurred in 6 patients (15%) during tPA infusion and in 8 patients (20%) by 24 hours.
Digital subtraction angiography was performed in 10 patients, magnetic resonance angiography was performed in 9 patients, and CT-angiography was performed in 2 patients (total 53%). Angiography was performed at a median time of 34 hours after stroke onset, with 50% of angiograms obtained within the first 24 hours. In all of these patients, angiography results confirmed TCD findings at the end of tPA infusion: 8 patients had normal vessels, 3 had intracranial stenoses, and 11 had persisting occlusion.
On TCD, 12 patients had persisting occlusion (30%), and 3 patients had late recanalization that occurred by 5 to 8 hours after stroke onset (7.5%). All these patients either worsened or had no clinical improvement within the first 24 hours. Symptomatic intracerebral hemorrhage occurred in 3 of 40 patients (7.5%). TCD detected complete recanalization in all 3 of these patients between 348 and 720 minutes preceding neurological deterioration.
Eight patients died within the first 3 months after therapy (overall mortality rate 20%), and 22 patients were available for long-term follow-up (1.5Ϯ1.2 months). Of these, 11 patients achieved modified Rankin scores of Յ3 (50%), including 6 patients with modified Rankin scores of Յ1 who sustained early dramatic improvement. Two other patients who completely recanalized and improved dramatically during tPA infusion did not sustain the improvement in the long term because of a subsequent reocclusion. In the first patient, MCA recanalized 20 minutes after the tPA bolus, but reocclusion occurred at 40 minutes, and repeat CT scan at 65 minutes showed new cortical edema formation. Several hours later, this patient had late recanalization, developed a massive intracerebral hemorrhage, and died. The second patient had a Ն50% residual basilar artery stenosis and despite receiving warfarin sodium had a recurrent fatal basilar artery thrombosis 2 weeks after tPA treatment. Of 16 patients who recovered completely or improved by Ն10 NIHSS points by 24 hours, 3 (19%) did not sustain early improvement (2 died and 1 had late worsening of the neurological deficit with an outcome Rankin score of 4 points).
Discussion
Our study showed that dramatic improvement during tPA therapy occurred in 20% of all patients and that resolution of the neurological deficit was associated with complete recanalization on TCD. Early improvement by Ն10 points or complete recovery at 24 hours was seen in 40% of all patients; this finding was also associated with either complete or partial recanalization. No clinical improvement or worsening during tPA therapy and at 24 hours indicated persistent arterial occlusion, reocclusion, or late recanalization.
The response rate to tPA therapy at 24 hours was higher in our study than was expected on the basis of the results of the NINDS rt-PA Stroke Study. The NINDS trial showed that 27% of tPA-treated patients improved by Ն10 points or recovered completely at 24 hours, whereas 40% of our patients had the same amount of recovery. Also, 47% of tPA-treated patients in the NINDS rt-PA Stroke Study improved by Ն4 points at 24 hours, whereas in our study, 62.5% of patients had such an improvement. Different sample sizes, patient selection, and treatment regimens in the present small study compared with the NINDS trial preclude any conclusive comparison. For instance, the pretreatment median NIHSS score was 14 in the NINDS trial versus 19 in our study, and therefore the expected outcome in our study might have been worse than that in the NINDS trial. In addition, angiographic and sonographic studies showed that arterial occlusion and poor collateral flow are adverse prognostic factors in patients with ischemic stroke. 6, 10, 16 Because 39 of 40 patients in our study had occlusions on TCD before treatment, the early improvement rate observed at 24 hours in the present study of 40% versus the rate of 27% in the NINDS trial is somewhat surprising.
The recanalization rate (30% complete, 40% partial) in the present study is higher than that previously reported by del Zoppo et al, 1 who also used intravenous tPA. With digital subtraction angiography, a 26% complete and partial recanalization rate for MCA stem occlusion was seen after 60 minutes of tPA infusion. 1 Again, caution must be exercised in a comparison of the present study with this report. Among other differences, del Zoppo et al 1 used a continuous infusion of duteplase that was initiated Ϸ5.5 hours after stroke onset without a bolus. Although we did not have a control group in the present study, complete recanalization was achieved in 30% of patients within 1 hour compared with previously reported 26% rate of spontaneous MCA recanalization seen over 4 hours. 10 The present study had rates of recanalization and recovery after tPA therapy that were greater than those previously reported. One difference, of course, between the present study and previous trials is that we used continuous TCD monitoring throughout the tPA infusion. This raises the intriguing possibility that TCD somehow augments tPA-induced clot lysis. The synergistic effect of ultrasound and tPA has been 17 documented in vitro and in vivo experiments for frequencies up to 1.03 MHz. 10 -14 We hypothesize that continuous ultrasonic energy transmission focused on clot location by TCD monitoring may expose more clot surface to tPA. Ultrasound becomes scattered at the clot/residual flow interface, and the pressure gradients that were created may force more tPA molecules to lodge into the clot, thus facilitating thrombolysis. Although these comments remain speculative, our study supports further evaluation of the potential for TCD to promote thrombolysis through a prospective randomized trial.
Our data also indicate that patients who do not effectively lyse the clot during tPA infusion may be at a higher risk of remaining disabled or experiencing further stroke progression. These patients may be an ideal target group for a trial of more aggressive therapy such as combined intravenous and intra-arterial thrombolysis. In addition, a subgroup of patients with large vessel occlusion may benefit from early anticoagulation, 17 and the use of ultrasound monitoring in this setting may be also be tested.
In conclusion, dramatic recovery during tPA therapy occurred in 20% of all patients when the infusion was continuously monitored with TCD. Recovery is associated with recanalization, while no early improvement indicated persistent occlusion or reocclusion. At 24 hours, 40% of all treated patients improved by Ն10 NIHSS points or recovered completely. Ultrasonic energy transmission by TCD monitoring may expose more clot surface to tPA and facilitate thrombolysis, and a controlled trial should be undertaken to determine whether TCD enhances reperfusion.
